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(57) ABSTRACT 

A spatial light modulator is disclosed, along With methods 
for making such a modulator that comprises an array of 
mirror devices each having at least a ?rst electrode and a 
second electrode. The ?rst electrode is designated for driv 
ing the mirror plate of the micromirror device to an ON state, 
and the second electrode is designated for driving the mirror 
plate to an OFF state. The tWo electrodes can be disposed on 
the same side of the mirror plate but on opposite sides of the 
rotation axis of the mirror plate for driving the mirror plate 
to rotate in opposite directions. Alternatively, the tWo elec 
trodes can be disposed on the opposite sides of the mirror 
plate, but on the same side of the rotation axis of the mirror 
plate for driving the mirror plate to rotate in opposite 
directions. The ON state and OFF state of the mirror plate 
can be de?ned by stops. The stops may be formed on 
substrate(s), hinge structures holding the mirror plates of the 
micromirror device and/or a desired location Within the 
micromirror device. Alternatively, the electrodes for the ON 
state and the OFF state can be used as stops, either indi 
vidually or in combination, or in combination With other 
component(s), such as substrate(s) of the micromirror 
device. The OFF state angle and the ON state angle are 
preferably di?cerent. 

29 Claims, 15 Drawing Sheets 
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MICROMIRRORS WITH OFF-ANGLE 
ELECTRODES AND STOPS 

CROSS REFERENCE TO RELATED CASES 

This application is a continuation-in-part of US. patent 
application Ser. No. 10/343,307 to Huibers et al., ?led Jan. 
29, 2003 now US. Pat. No. 6,962,419, Which is a US 
national phase application of PCT/US01/ 24332 ?led Aug. 3, 
2001, Which is a continuation-in-part and claims priority of 
US. patent application Ser. Nos. 09/631,536 ?led Aug. 3, 
2000, 60/229,246 ?led Aug. 30, 2000 and 09/732,455 ?led 
Dec. 7, 2000, and a continuation-in-part of US. patent 
application Ser. No. 10/366,297 to Patel ?led Feb. 12, 2003. 
The subject matter of these applications is incorporated 
herein by reference. 

TECHNICAL FIELD OF THE INVENTION 

The present invention is related generally to the art of 
microelectromechanical systems, and, more particularly, to 
micromirrors With mechanisms de?ning OFF-states and ON 
states of the micromirrors and electrodes for actuating 
micromirrors. 

BACKGROUND OF THE INVENTION 

The present invention relates to re?ective micromirrors 
and micromirror array devices for, e.g., projection-type 
displays, for steering light beams, maskless lithography, 
maskless micro-array production, etc. A common feature is 
a micromirror that is movable so as to de?ect incident light. 
In one type of conventional direct vieW or projection-type 
display system, an array of re?ective micro-mirrors is pro 
vided for producing an image. Typically the micromirrors 
have either a tilt angle for the “ON” state and a non-de?ected 
state for the “OFF” state, or the same tilt angles for “ON” 
and “OFF” states but With opposite sign. 
As an exemplary application for displaying an image, a 

micromirror is associated With a pixel of an image. At a time 
When the pixel is “bright”, a micromirror is set to the “ON” 
state. Incident light is re?ected by the micromirror into a 
cone of re?ected light toWards the projection lens or the 
display target. At another time When the pixel turns to 
“dark”, the micromirror is set to the “OFF” state. Incident 
light is re?ected into another cone of re?ected light aWay 
from the projection lens and the display target. HoWever, 
When the cone of the re?ected light by the micromirror in the 
ON state and the cone of the re?ected by the micromirror in 
the OFF state are too close, e.g., the angle betWeen the tWo 
light cones is too small, the tWo light cones may be over 
lapped. The contrast ratio of the pixel, thus the quality of the 
displayed image is reduced (contrast ratio is the ratio of 
luminance betWeen the brightest White that can be produced 
and the darkest black that can be produced). And it is a major 
determinant of perceived image quality. If a displayed image 
has high contrast ratio, a vieWer Will judge it to be sharper 
than a displayed image With loWer contrast ratio, even if the 
loWer contrast image has substantially more measurable 
resolution. The degradation of the contrast ratio becomes 
larger as the angular extent of the incident beam groWs. 

Therefore, What is needed is a spatial light modulator that 
has a high resolution, a high ?ll factor and a high contrast 
ratio. What is further needed is a spatial light modulator that 
does not require polarized light, hence is optically e?icient 
and mechanically robust. 
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2 
SUMMARY OF THE INVENTION 

In an embodiment of the invention, a spatial light modu 
lator is disclosed. The spatial light modulator comprises: an 
array of pixels, each pixel comprising micromirrors on a 
substrate, each micromirror comprising a re?ective plate 
held by a hinge and being movable by more than one 
electrode, each micromirror movable by a ?rst electrode for 
moving the micromirror to an ON position at an angle from 
a non-actuated position, and a second electrode for moving 
the micromirror to an OFF position that is at a negative angle 
compared to the ON angle and relative to a 0 angle non 
de?ected rest position, the second electrode being disposed 
on a side of the re?ective plate opposite to that of the ?rst 
electrode. 

In another embodiment of the invention, a spatial light 
modulator is disclosed that comprises: an array of micro 
mirrors on a substrate, each micromirror comprising a 
re?ective plate being movable by more than one electrode, 
a ?rst electrode for moving the micromirror to an ON 
position at an angle of 10 degrees or more from a non 
actuated position, and a second electrode for moving the 
micromirror to an OFF position that is at an angle of from 
—1 to —8 degrees, Wherein a micromirror stop is disposed on 
a side of the re?ective plate opposite to that of the substrate, 
the re?ective plate abutting the stop at a predetermined 
distance from the substrate and at an angle of from —1 to —8 
degrees. Another stop may be provided for arresting move 
ment of the mirror plate at the ON position. 

In yet another embodiment of the invention, a spatial light 
modulator is disclosed. The spatial light modulator com 
prises: an array of micromirrors on a substrate, each micro 
mirror comprising a re?ective plate being movable by more 
than one electrode, a ?rst electrode for moving the micro 
mirror to an ON position at an angle of 10 degrees or more 
from a non-actuated position, and a second electrode for 
moving the micromirror to an OFF position that is at an 
angle of from —1 to —8 degrees, the second electrode being 
disposed on a side of the re?ective plate opposite to that of 
the ?rst electrode; and Wherein a micromirror stop is dis 
posed on a side of the re?ective plate opposite to that of the 
substrate, the re?ective plate abutting the stop at a prede 
termined distance from the substrate and at an angle of from 
—1 to —8 degrees. 

In another embodiment of the invention, a spatial light 
modulator is disclosed. The spatial light modulator com 
prises: an array of pixels, each pixel comprising a micro 
mirror held via hinges and capable of movement upon 
application of an electrostatic force, a ?rst electrode for 
moving the micromirror to an ON position and a second 
electrode disposed on a side of the micromirror opposite to 
that of the ?rst electrode for moving the micromirror to an 
OFF position. 

In yet another embodiment of the invention, a spatial light 
modulator is disclosed. The spatial light modulator com 
prises: an array of pixels, each pixel comprising a micro 
mirror held via hinges and capable of movement upon 
application of an electrostatic force, a ?rst electrode for 
moving the micromirror to an ON position, a ?rst stop for 
stopping the micromirror at a predetermined ON angle, and 
a second stop for stopping the micromirror at a predeter 
mined OFF angle that is in the opposite direction from a 
non-de?ected state of the micromirror and less than the ON 
angle. 

In yet another embodiment of the invention, a spatial light 
modulator is disclosed. The spatial light modulator com 
prises: an array of micromirrors on a visible light transmis 
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sive substrate, each micromirror comprising a micromirror 
plate held by a hinge on the light transmissive substrate and 
further comprising a ?rst stopping point for stopping the 
micromirror at a predetermined angle in an ON position, and 
a second stopping point for stopping the micromirror at a 
predetermined angle in an OFF position. 

BRIEF DESCRIPTION OF DRAWINGS 

While the appended claims set forth the features of the 
present invention With particularity, the invention, together 
With its objects and advantages, may be best understood 
from the folloWing detailed description taken in conjunction 
With the accompanying draWings of Which: 

FIG. 1 is a cross-section vieW of a micromirror array 
device having tWo sets of electrodes for deforming the 
micromirror plates of the micromirror array device accord 
ing to an embodiment of the invention; 

FIG. 2 is a top vieW of the micromirror array device of 
FIG. 1; 

FIG. 3 is a cross-section vieW of a micromirror array 
device having tWo sets of electrodes for deforming the 
micromirror plates of the micromirror array device accord 
ing to another embodiment of the invention; 

FIG. 4 is a cross-section vieW of a micromirror array 
device having tWo sets of electrodes for deforming the 
micromirror plates of the micromirror array device accord 
ing to yet another embodiment of the invention; 

FIG. 5a through FIG. 50 schematically illustrate micro 
mirrors having a ?at non-de?ected OFF state; 

FIG. 5d through FIG. 5f schematically illustrate micro 
mirrors having de?ected ON and OFF states of equal angles; 

FIG. 5g through FIG. 5i schematically illustrate micro 
mirrors having a greater angle for the ON state than the 
angle for the OFF state; 

FIG. 6a and FIG. 6b schematically illustrate a micromir 
ror plate having an ON state and an OFF state, Wherein the 
ON state is de?ned as the micromirror plate is stopped by the 
substrate on Which the electrodes are formed (6a); and 
Wherein the OFF state is de?ned as the micromirror plate is 
stopped by the glass substrate on Which the micromirror 
plate is formed (6b); 

FIG. 7a through FIG. 70 schematically illustrate a non 
de?ected state (7a), an ON state (7b) and an OFF state (70) 
of a micromirror plate according to an embodiment of the 
invention; 

FIG. 8a is a cross-section vieW of a micromirror device 
having tWo stops de?ning an ON state and an OFF state of 
the micromirror device, and tWo electrodes driving the 
mirror plate to rotate to the ON state and the OFF state 
according to another embodiment of the invention; 

FIG. 8b is a cross-section vieW of a micromirror device 
having an OFF state that is non-?at and non-de?ected state 
of the micromirror plate; 

FIG. 80 is a cross-section vieW of a micromirror device 
having a glass substrate With a visible light transparent 
electrode ?lm deposited thereon for deforming the micro 
mirrors to an OFF state according to an embodiment of the 

invention; 
FIG. 8D is a cross-section vieW of a micromirror device 

having an electrode formed on the glass substrate for driving 
the mirror plate to rotate to an OFF state of the micromirror 
device according to an embodiment of the invention; 

FIG. 9a is a side vieW of a micromirror device during a 
fabrication process according to an embodiment of the 
invention; 
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4 
FIG. 9b is a cross-section vieW of a triple layer structure 

of the micromirror device of FIG. 9a; 
FIG. 90 is a cross-section vieW of a six-layer structure of 

the micromirror device of FIG. 9a; 
FIG. 10a illustrates a hinge structure, a micromirror plate 

and a substrate of a micromirror device, Wherein the hinge 
structure is used as an electrode for the OFF state of the 
micromirror plate according to an embodiment of the inven 
tion; 

FIG. 10b schematically illustrates a micromirror array 
device having an array of micromirrors of FIG. 1011; 

FIG. 11 schematically illustrates another micromirror 
array device having an array of micromirrors; 

FIG. 12 illustrates a top vieW of a micromirror device 
having a stop and an electrode formed on the hinge structure 
for the OFF state of the micromirror device; and 

FIG. 13a and FIG. 13b respectively illustrate tWo exem 
plary display systems, one employing one spatial light 
modulator and the other one employing three spatial light 
modulators, each of Which is designated for modulating one 
of the three primary colors, i.e. green, red and blue. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

The present invention discloses a micromirror array 
device having an array of micromirrors. Each micromirror 
comprises at least tWo electrodes for driving the micromirror 
plate to an ON state and an OFF state. The electrodes can be 
disposed on the same side relative to the micromirror plate 
but on opposite sides relative to the rotation axis of the 
mirror plate. Alternatively, all electrodes for the OFF state of 
all micromirrors can be formed as an electrode ?lm depos 
ited on the substrate on Which the micromirrors are formed. 
This electrode ?lm can also be an anti-re?ection ?lm for 
enhancing the transmission of light through the substrate. In 
order to reduce scattering and enhancing re?ection of light, 
the ON state angle corresponding to the ON state is de?ned 
as different as the OFF state angle corresponding to the OFF 
state. In particular, the OFF state angle is smaller than the 
ON state angle and in the opposite direction of the ON state 
angle relative to a non-de?ected state of the mirror plate. 
This asymmetric OFF state angle and ON state angle can be 
achieved by proper combinations of the electrodes With a 
plurality of rotation stopping mechanisms. For example, 
electrodes for the ON state and the OFF state can be used as 
the stops for the ON state and the OFF state. These elec 
trodes are generally coated With dielectric materials for 
electrically isolating the electrode to avoid electric shorting. 
With proper geometric con?gurations of the electrodes, 
desired asymmetric OFF state angle and ON state angle can 
be obtained. For another example, designated stops for the 
ON state and/or the OFF state can be provided for de?ning 
the OFF state angle and the ON state angle. These stops can 
be formed on the substrate(s) and/or the hinge structure that 
holding the mirror plates. The electrodes of the second 
electrode array is preferably connected and forms a continu 
ous electrode such that all electrodes of the second electrode 
“array” alWays stay at the same electric potential. In an 
operation, the electrodes of the second electrode array (the 
“second electrode”) may be initiated by applying an electric 
potential betWeen said electrodes and the mirror plates, and 
in response to this electric potential, all mirror plates are 
rotated to the OFF state. Then in response to an actuation 
signal, selected mirror plate(s) is (are) rotated to the ON 
state in response to an electric ?led betWeen the selected 
mirror plate(s) and the electrode(s) for the ON state. Appar 
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ently, in order to switch the mirror plate from the OFF state 
to the ON state, the electric force applied to the mirror plate 
by the electrode for the ON state should overcome the 
electric force applied to the mirror plate by the electrode for 
the OFF state. 

In the following, embodiments of the present invention 
will be discussed in detail with reference to drawings. It 
should be understood by those skilled in the art that the 
following discussion is for demonstration purposes only and 
should not be interpreted in any ways as a limitation on the 
present invention. 

Turning to the drawings, FIG. 1 illustrates a cross-section 
view of a micromirror array device according to an embodi 
ment of the invention. The micromirror array device com 
prises an array of micromirrors (e.g. micromirror 102) that 
is formed on substrate 100, such as glass or quartz that is 
transparent to visible light. An array of electrodes (e.g. 
electrode 106) and circuitry (not shown) is formed on 
substrate 110 and disposed proximate to the array of micro 
mirrors for electrostatically deforming the micromirrors. For 
example, an electrostatic ?eld is established between each 
mirror plate of the micromirror device and an electrode of 
the electrode array. In response to the established electro 
static ?eld, the mirror plate rotates relative to substrate 100 
to an ON state such that re?ected light from the mirror plate 
at the ON state can be collected by a projection lens (e.g. 
projection lens 106 in FIG. 13a) for displaying images in a 
display target. The rotation angle of the mirror plate at the 
ON state relative to substrate 100 is referred to as the ON 
state angle. Hereafter, when referring to the ON and OFF 
angles (or such angles relative to the substrate), a sign of the 
angle will be used (positive or negative relative to the 
substrate). The sign is arbitrary, but signi?es that the micro 
mirrors rotate in one direction to an ON position and in an 
opposite direction to an OFF position. In the following, the 
ON state angle will be represented by an angle value with a 
plus sign (+), and the OFF state angle will be represented by 
an angle value with a minus sign (—). In a preferred embodi 
ment of the invention, the ON state angle is +100 degrees or 
more, preferably +140 or more, and more preferably, +160 
degrees or more. 

In addition to electrode array 106 on substrate 110, a 
second electrode or electrode array is formed on substrate 
100 for driving the mirror plates to an OFF state. In the 
preferred embodiment of the invention, the OFF state angle 
is —l° or less (the absolute value of the angle is greater than 
1), preferably —20 degrees or less, and more preferably 
around —40 degrees. In order to drive the mirror plates to the 
OFF state angle, the second electrode or electrode array is 
disposed on the glass substrate 100 in one embodiment of 
the invention. In particular, each electrode (e.g. electrode 
104) of the second electrode or electrode array is disposed 
on a side of a mirror plate opposite to that of an electrode 
(e. g. electrode 106) of the ?rst electrode array that is formed 
on substrate 110, and the two electrodes (e.g. electrodes 104 
and 106) are on the same side relative to the rotation axis of 
the mirror plate (e.g. mirror plate 102). In operation, a ?rst 
electric voltage Vl (thus a ?rst electric ?eld) is applied 
between the mirror plate (e.g. mirror plate 102) and the 
electrode (e.g. electrode 106) of the ?rst electrode array. In 
response to the ?rst electric ?eld, the mirror plate (e.g. 
mirror plate 102) rotates (clockwise in the given con?gura 
tion as shown in the ?gure) relative to substrate 100 to the 
ON state. In order to drive the mirror plate (e. g. mirror plate 
102) to rotate (counter-clockwise in the given con?guration 
as shown in the ?gure) to the OFF state relative to substrate 
100, a second electric voltage V2 (thus a second electric 
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6 
?eld) is applied between the mirror plate (e.g. mirror plate 
102) and the electrode (e.g. electrode 104) of the second 
electrode array on substrate 100. As an alternative embodi 
ment of the invention, the micromirror array (e.g. micro 
mirror 102) can be formed on substrate 110, which is a 
semiconductor wafer. The electrode array on substrate 110 
drive the mirror plates to rotate to the ON state, and the 
electrode array on the glass substrate 100 drive the mirror 
plates to rotate to the OFF state. 

Because the second electrode or electrode array is formed 
on the glass substrate 100 and exposed to light incident on 
the mirror plates, the second electrode or array of electrodes 
can be comprised of light absorbing materials and form a 
light absorbing grid around each micromirror plate (prefer 
ably interconnected as a grid), and more particularly, 
between adjacent mirror plates, as shown in the ?gure. A top 
view of such electrode and light absorbing grid 22 deposited 
on a surface of substrate 100 is illustrate in FIG. 2. As can 
be seen in FIG. 2, the electrode “array” on substrate 100 is 
in fact a single electrode formed as a grid. Such a grid 
electrode can also be provided as a series stops (e.g. elec 
trode 104, being a cross-section of an electrode “strip” 
extending along a length (or width) of the micromirror array. 

Rather than forming the second electrode or electrode 
array for the OFF state of the micromirror devices on the 
glass substrate, the second electrode or electrode array can 
also be formed on the same side as the ?rst electrode array 
relative to the mirror plates, as shown in FIG. 3. Speci?cally, 
the second array of electrodes (e.g. electrode 104) can be 
formed on the same side of the mirror plates (e.g. mirror 
plate 102) as the ?rst array of electrodes (e.g. electrode 106), 
but on opposite sides of the rotation axis of the mirror plate 
(e.g. mirror plate 102). In operation, two different voltages 
are respectively applied between the mirror plate and the 
?rst electrode for driving the mirror plate to rotate to the ON 
state, and between the mirror plate and the second electrode 
for driving the mirror plate to rotate to the OFF state. As an 
alternative embodiment of the invention, the micromirror 
array (e.g. micromirror 102) can be formed on substrate 110, 
which is a semiconductor wafer. The electrode array on 
substrate 110 drive the mirror plates to rotate to the ON state, 
and the second electrode or electrode array drive the mirror 
plates to rotate to the OFF state. 

In yet another embodiment of the invention, the second 
electrode or electrode “array” can be formed on the glass 
substrate 100 as an electrode ?lm as shown in FIG. 4. 
Referring to FIG. 4, electrode ?lm 107 is deposited on the 
lower surface of the glass substrate 100, the lower surface 
facing the mirror plates of the micromirror devices. In this 
situation, electrode ?lm 107 is electrically conducting (or at 
least on layer is electrically conducting if electrode ?lm 107 
is a laminate) and transparent to visible light. More prefer 
ably, the electrode ?lm can also be an anti-re?ection (AR) 
?lm. During operation, a voltage is applied between elec 
trode ?lm 107 and the mirror plate, yielding an electrostatic 
?eld being established between the electrode ?lm and the 
mirror plates for driving the mirror plates to rotate (counter 
clockwise in the given con?guration as shown in the ?gure) 
to an OFF state if the adjacent electrode 106 is not set to 
actuated the mirror to the ON state. The mirror plates can 
rotate (clockwise in the given con?guration as shown in the 
?gure) to an ON state in response an electric ?eld estab 
lished between the mirror plate and the ?rst electrode, even 
if a voltage is applied to electrode ?lm 107. As an alternative 
embodiment of the invention, the micromirror array (e.g. 
micromirror 102) can be formed on substrate 110, which is 
a semiconductor wafer. The electrode array on substrate 110 












